This paper reports an experimental setup aiming at evaluating the performance of a newly designed magnetorheological elastomer (MRE) seismic isolator. As a further effort to explore the field-dependent stiffness/damping properties of the MRE isolator, a series of experimental testing were conducted. Based upon the analysis of the experimental responses and the characteristics of the MRE isolator, a new model that is capable of reproducing the unique MRE isolator dynamics behaviors is proposed. The validation results verify the model's effectiveness to portray the MRE isolator. A study on the field-dependent parameters is then provided to make the model valid with fluctuating magnetic fields. To fully explore the mechanism of the proposed model, an investigation relating the dependence of the proposed model on every parameter is carried out. 
Introduction
Semi-active control devices have been extensively used for vibration reduction in civil engineering structures and vehicle suspensions because of their superiority of offering the versatility of fully active control and reliability of passive control. Active control devices appear to be an ideal strategy for the great isolation performances, however, disadvantages arise when it refers to cost, power requirement and complexity [1] . Passive control devices gain compliments for their simplicity and ease of implementation, nevertheless, the limitation of inadaptability make them fail to satisfy the advanced requirements. Semi-active control devices fill the gap in that they possess the advantages of both fully active control and passive control devices [2] . Furthermore, semi-active control devices can achieve parameter adjustment in real time without requiring a large power. Over the past decades, semi-active control devices have attracted considerable attention due to their high adaptability. Applications of such devices have been considered for vibration control in automobile industry and civil engineering including variable orifice dampers [3] , controllable friction braces [4] , controllable friction isolators [5] , variable stiffness devices [6] and electrorheological (ER) dampers [7] .
In order to give a full play to the potentials of semi-active devices, significant efforts have been conducted to the possibility of incorporating smart materials into the semi-active devices for vibration reduction. Among the well-established family of smart materials resides a sub-class of materials known as 'field responsive fluids' including electrorheological (ER) fluids and magnetorheological (MR) fluids. They are outstanding from traditional smart materials mainly because of their soft morphology and their controllable rheology by an external electric or magnetic field. ER fluids and MR fluids both date back to 1940's, however, primary research has focused on the development of ER fluids and devices. The new and emerging MR fluids appear to be a superior alternative to ER fluids because MR fluids handle with many drawbacks associated with ER fluids, including lower yield stress, temperature dependence, sensitivity to impurities and relatively high voltage supplies. Furthermore, MR fluids can achieve rheological transition within a few milliseconds and can exhibit viscoelastic properties when exposed to a magnetic field. To date, various semi-active devices using MR fluids have been developed, among which, MR dampers that offer reliable and stable operations at a modest cost have been extensively used in a wide range from civil structures such as buildings and bridges [8] to automobiles [9] and railway vehicles [10] . For several decades, considerable researches have been going into modeling MR dampers. The Bingham model was first proposed for an ER damper [11] and then an attempt was made to use it to describe MR damper [12] . However, it turned out Bingham model failed to capture the nonlinear force-velocity relationships of MR damper. Compared with the Bingham model, the Bouc-Wen model was able to predict the force-displacement response very well but was unable to capture the force-velocity behavior in some specific regions. To optimize the performance of the Bouc-Wen model, a modified version was proposed for MR damper that addressed the disadvantages associated with the previously considered models. For decades the modified Bouc-Wen model has been generally accepted to describe a MR damper because it predicts MR damper behaviors very well in all regions.
In addition to MR fluids, MR elastomers (MREs) are another class of MR materials. The solid state of MRE overcomes the disadvantages of liquid leakage and particle residue due to the liquid state of MR fluids. To this end, they are now classified as such kind of smart materials particularly well suited to provide effective performance in structural control. Typical MREs consist of three components named polarized particles, matrix and additives. These polarized particles are suspended in a non-magnetic solid or gel-like matrix. When a magnetic field is applied MRE performs field dependent stiffness and damping properties [13] . The unique merits of MRE relate directly to its practical applications for vibration control. For example, MREs have been used to provide variable stiffness in automobile engine suspension system [14] or vehicle seat suspension system [15] . Also, MREs are used to construct adaptive tuned vibration absorbs [16] [17] [18] .
To date, a more general use of MR elastomers is to be incorporated into an isolator device. Different from MR dampers, in addition to controllable damping, MRE isolators also achieve controllable modulus, for this reason, many researchers have devoted to explore the potential of MRE isolator in mitigating undesired structural or machinery vibrations [14, 16, 19] . Li, et al. designed and fabricated an adaptive MRE seismic isolator which achieves a significant adjustable range of lateral stiffness under a medium level of magnetic field [20] . The designed MRE seismic isolator outperforms the traditional seismic isolator in terms of the effectiveness and functionality for the seismic protection of civil structures. Compared to MR damper, relatively less research work has been done when it refers to model development of MRE devices. A four-parameter viscoelastic model for MRE was proposed in [21] , however, it is limited to present the linear relationship of force and displacement. Therefore, ongoing research should spare no effort to develop a model for MRE isolator, and evaluate its performance in vibration control.
To further explore the unique potentials of MRE isolator and make them fully utilized in vibration mitigation of structural or machinery, a highly adaptive MRE seismic isolator was designed and fabricated [22] for evaluating MRE isolator nonlinear behaviors. The main contributions of this work include: (a) a novel design of the multiplayer MRE isolator; and (b) a new phenomenological model to precisely predict MRE isolator nonlinear responses. Specifically, the experiment part given in Section 2 includes the design of multiplayer MREbased seismic isolator and magnetic circuit, the experimental setup, and the analyses for the unique MRE isolator responses. Based on the understanding of MRE isolator behaviors, a model that is adequate to portray this device is proposed and validated in Section 3. Additionally, in Section 4, the effect of every single parameter on the model output is discussed.
Experimental Setup and Testing 2.1 Configuration of the MRE seismic isolator
A prototype of a novel MRE base isolator was designed and fabricated [20] . The configuration of the MRE isolator, as shown in Figure 1 , incorporates the laminated structural design of traditional laminated rubber bearing [22] . It consists of multilayer thin MRE sheets bonded onto multilayer thin steel plates. In this design, there are 26 layers of the steel sheet with a thickness of 1 mm and 25 layers of MRE sheets with a thickness of 1 mm being used. The diameter of the MRE and steel sheets is 120 mm. In the design, the laminated bearing element is placed inside of a solenoid, which generates magnetic field after it is energized with electric currents. The solenoid is made of electromagnetic coil and thin non-magnetic support as illustrated in Figure 1 . The cylindrical shape non-magnetic support is made of epoxy material and has an inner diameter of 146 mm and a thickness of 2 mm. The cylindrical electromagnetic coil has an inner diameter of 150 mm and an outer diameter of 200 mm. The coil is firmly attached to the epoxy support. The diameter of the coil wire is 1.0 mm with a total winding number of 2900 turns. The wire made of copper has an electric resistance of 42.3 Ω. The space between the laminated MRE structure and the coil enables the MRE isolator to have a maximum deformation of 15 mm, equivalent to the maximum allowable shear strain of 60%.
Magnetic circuit design
In the design of the highly adaptive MRE isolator, one innovation is the laminated structure consisting of 25 layers of MRE sheets sandwiched between 26 layers of steel plates. As can been seen from Figure 2 , the MRE material is placed inside of the magnetic coil, serving as the magnetic core of the magnetic circuit. Comparing with the weak and divergent magnetic field outside of the coil, the magnetic field inside the solenoid is strong and uniform. The major advantage of this design is that it creates a large effective area that is essential for MRE base isolator design. The MRE material inside the solenoid can be fully energized by a uniform magnetic field. However, due to the low permeability of the MRE material, the configuration needs to be modified in actual design to increase the permeability of the magnetic coil for which MRE forms a part of it. To evaluate and characterize the performance of the MRE base isolator prototype, a series of experimental tests were conducted. Figure 3 shows the schematic of the experimental set-up, where a shake table, which is available in the University of Technology, Sydney, was used to provide horizontal loadings to the isolator either in the quasi-static mode or in dynamic mode. The MRE base isolator was mounted on the shake table and moves along with the shake table motion. A load cell (Model No. STS-300-B10, Sun Scale INC) was installed to a fixed reaction rig to measure the lateral load applied to the isolator. During the test, the top plate of the MRE isolator and the load cell remain motionless thus eliminate the undesired inertia force in the measurements. A displacement sensor (MTS, USA) was used to measure provides the displacement. A DC power supply (DC Power Conditioner, SOLA Electric, Division of SOLA Basic Australia) with a capacity of 240V and 5.3A, as shown in Figure 4 , provides DC current to energize the magnetic coil. A slider (Type: S-260-10, Yamabishi Electric Co. Ltd, Tokyo, Japan) was used to adjust the applied current to the magnetic coil, also shown in Figure 4 . A multi-meter (Model No. 115, Fluke) was also used to monitor the current output from the slider during the testing. In this study, a series of preliminary tests were conducted to measure the response of the damper under various loading conditions. In each test, the MRE isolator was driven with a sinusoidal signal with a fixed frequency, and the current applied to the MRE isolator was held at a constant level. A wide range of frequencies (0.1Hz, 1.0Hz, 2.0Hz, and 4.0Hz), amplitudes (2mm, 4mm, and 8mm, corresponding to shear strain of 8%, 16%, and 32%), and currents (0A, 1A, 2A, and 3A) are considered. The sampling rate for the data acquisition was set at 256 Hz for capturing all test results including the dynamic tests. The velocity response was calculated from the measured displacements using a central difference method.
Testing results

Load Cell
Shake Table motion Reaction Floor
MRE Base
Isolator Figure 5 shows the responses of force-displacement ( Figure 5 (a)) and force-velocity ( Figure  5 (b)) when the MRE isolator was loaded with the sinusoidal signal of three amplitudes (2 mm, 4mm and 8mm) at constant frequency (4 Hz) and current (2 A). The effects of changing the amplitudes are clearly observed. On one hand, it is observed from Figure 5 (a) that the maximum force and the equivalent damping, indicated by the area enclosed by the forcedisplacement loop, gain a large increase with the increasing amplitude. Also it is noted that the nonlinear relationship between force and velocity appears much more obvious when the amplitude is large, as shown in Figure 5 (b). On the other hand, a closer observation on the hysteresis loops reveals that the effective stiffness of the MRE isolator, represented by the slope of force-displacement loop, decreases slightly with ascending loading amplitudes. This physical phenomenon is called Mullins Effect, which was first studied by Holt [23] and further examined by Mullins [24, 25] . Mullins Effect is explained that if a rubber is stretched to a relative elongation and released, it will not follow the same stress-strain curve when it is stretched once again. Instead, the rubber appears to be much softer on the second stretch. The physical meaning of Mullins effect is the strain softening behavior of the elastomer when increase the loading amplitude, indicated by the descending stiffness for ascending amplitude cases [26] .
The effects of changing frequencies on performance of the MRE isolator are presented in Figure 6 . It is noticed from Figure 6 (a) that frequencies have a slight influence on the maximum force and effective stiffness. In particular, in the cases when the frequencies are above 0.1Hz the measured force and effective stiffness almost remain independent of frequency. Similar to amplitudes, the ascending frequencies induce an increasing nonlinearity of force-velocity relationship. The response of the MRE isolator based on a 2 Hz sinusoid with an amplitude of 8mm is shown in Figure 7 for four constant current levels, 0 A, 1A, 2 A, and 3 A. At the 0 A level, the force-displacement relationship is approximately elliptical, and the force-velocity relationship is nearly linear. However, as the current level increases, the strain stiffening phenomenon shown in Figure 7 (a) and the nonlinear response of force-velocity illustrated in Figure 7 (b) appear to be evident. Also, the increase in the force-displacement loop area and the effective stiffness demonstrates that the damping capacity and shear modulus of MRE are functions of the applied current.
Another property to be noted in the experimental data is strain stiffening which is obvious when the amplitude is large. The explanation for strain stiffening is attributed to the limited extensibility of the polymer chains [27] for normal rubber. However, for the field-dependent MRE cases, it is much more complicated. When a certain current level is applied to the MRE, in addition to the resistance of rubber matrix, the iron particles are also held by the magnetic force from the surrounding iron particle, which makes the extensibility of the chain structure even less. This explains some cases where the strain stiffening is minimal for zero field situations but is obvious for nonzero magnetic field, as illustrated in Figure 7 (a). 
In the next section, a new phenomenological model for the MRE isolator will be proposed and evaluated.
Modelling and Validation
In modeling the MRE isolator responses, a major challenge is being able to capture the strain stiffening in force-displacement loops and the nonlinear relationship between force and velocity. To accurately portray these unique behaviors of the MRE isolator, a new phenomenological model is proposed in this section as shown in Figure 8 . This model incorporates a Bouc-Wen component, which reproduces hysteresis loops, in parallel with a Viogt element, which describes solid-material behaviors. The Bouc-Wen component is described by the evolutionary variable z that represents a function of the time history of the displacement. It is widely accepted in structure engineering and MR behavior for its mathematical simplicity and ability to represent a large class of hysteretic behavior. In this work, the Bouc-Wen component combined with a spring and a damper is used to portray the unique field dependent stiffness/damping properties of MRE isolator. The force of this system is given by: 
where the evolutionary variable z is described as:
k is the stiffness of the spring, and c represents the viscous coefficient indicating the damping capacity of the system. The item of c x is a component of the total force. The rest part represents the restoring force as the summation of a linear component αk x and a purely hysteretic component 1 α k z, in which α ∈ 0,1 represents the linearity level of the hysteresis loops. In Eq. (2), A, n, β and γ , which are non-dimensional parameters, are responsible for the shape and the size of the hysteresis loops. The parameter A has a big influence on the maximum force, and n is recognized to control the transition from linear to nonlinear range. In this work, the value of n 1 is considered for the purpose of reducing the overall number of system unknowns in the identification process on the ground that the chosen value satisfies the fitting requirements. β and γ mainly shape the hysteresis loops. Different combinations of the signs of β γ and β γ reproduce different shapes of hysteresis loops. A detailed investigation has been done in [28] , where five kinds of hysteresis loops corresponding to five combinations of the signs of β γ and β γ have been presented.
To evaluate the model's effectiveness to predict the MRE isolator performances, a set of parameters are identified for the model to fit the experimental data shown in Figure 5 (8mm-amplitude, 4Hz-frequency, and 2A current). The optimal values are listed in Table 1 . In the identification process, there are in total 6 parameters to be determined and a least-square method in combination with the Trust-region-reflective algorithm available in MATLAB (2011b) is employed to determine the appropriate values for them. The Trust-regionreflective algorithm refers to minimizing the value of a function, denoted as , by approximating with a simpler function , which reasonably reflects the behavior of function in a neighborhood N which is defined as the trust region. The key questions in defining a specific trust-region approach to minimizing are how to choose and compute the approximation , how to choose and modify the trust region N, and how accurately to solve the trust-region problem. The objective herein is to minimize the root mean square, as indicated by Eq. (3).
where N is the number of input-output pairs in each loop. F indicates the model-predicted output and F , the experimentally obtained output. Figure 9 shows the tracking process and relative errors of the predicted and measured forces with increasing time. It is observed that the relative error percentage is limited below 8%, which is acceptable in this modeling study. Figure 10 plots the comparison between the simulated and experimentally obtained responses. Figure 10 (a) illustrates the forcedisplacement loop and Figure 10 (b) describes the nonlinear relationship of force and velocity. It is obviously observed that the predicted behaviors resemble the experimental data very well, especially in the regions where the strain stiffening is obvious. To further validate the capability of the model for portraying the behaviors of the MRE isolator, more sets of comparisons between the predicted and measured data corresponding to different loading conditions are given in Figure 11 11(a) are optimized to fit the experimental data of 2 A -current, 4 Hz -frequency for 2mm, 4mm, and 8mm amplitudes respectively. It is seen that the experimentally measured responses are reasonably modeled. A closer look at the three predicted force-displacement loops illustrates that the effective stiffness reduces slightly as the amplitudes increases, demonstrating that the model is able to capture the Mullins Effect revealed in the experimental data. The measured force-displacement pairs shown in Figure 11 (b) are obtained by loading the isolator with a 4 Hz sinusoid and an 8mm-amplitude at three current levels, 0 A, 1A, and 3 A, respectively. The three sets of comparisons verify the model's ability to describe the increasing nonlinearity of the hysteresis loops with the increasing currents. In particular, in each hysteresis loop, the predicted response resembles the unique behavior of straining hardening very well. The predicted hysteresis loops change in the same regulation are summarised in Section 2.2. Besides some specific phenomena, for instance, strain stiffening, are captured, general rules are revealed in the figures as well. For example, the equivalent damping and maximum force change in an ascending way with the increasing amplitudes and currents, and also the increase in the current induces a large gain in the effective stiffness. All in all, Figure 11 further proves this proposed model is capable to accurately portray the MRE isolator's dynamics behaviors. Specifically, the predicted responses of the proposed model are matched the experimentally measured data of the MRE isolator when the current is in a constant level.
Evidences provided verify the model's ability to accurately portray the behaviors of MRE isolator, especially in some specific regions. However, a versatile model is expected to achieve the unique performances of MRE isolator device when the fluctuating magnetic field is considered. To this end, a study on the field-dependent parameters is presented in the next section. Additionally, the effect of every single parameter on the sizes and shapes of hysteresis loops is discussed. In the proceeding section, the effect of fluctuating currents on the parameters in the proposed model is discussed and analyzed. Furthermore, the contribution of every parameter to the sizes and shapes of the predicted hysteresis loops is investigated. Table 2 lists four groups of optimal values for the parameters of the proposed model described by (1) and (2) . These values are identified using the experimental data obtained by loading the isolator with an 8 mm and 4 Hz sinusoidal signal at four current levels of 0 A, 1A, 2 A, and 3 A respectively. Among the four columns, the first one is chosen as the initial guess for the other three optimization processes. In each process, only one parameter is identified for three current levels. It is therefore that 18 cases in total have been conducted. Figure 12 shows the relationships between the parameters and the current based on the listed values in Table 2 . It is seen that these four parameters of A, α, k and c appear to vary linearly with the current. Therefore, the following relations are proposed:
Field-Dependent Modeling and Discussion
, , The optimal parameters for relationships in (4) are provided in Table 3 . To validate the effectiveness of the field dependent parameters, comparison plots are presented in Figure 13 , where the experimental data is from a loading of 4 mm and 4 Hz sinusoidal signal with the current of 1A. It can be seen from Figure 13 that the MRE isolator's behaviors are well captured. Taking the continuously varied currents into account makes this model more comprehensive for use, and meanwhile makes it easier to adjust parameters. Parameter adjustment after identification process helps improve the resemblance between the predicted and measured response, however, the influence of every parameter on the performances of the proposed model must be first investigated. In the following part, an effort to study the parameters' effects on the model output for the purpose of making it possible for the model to be easily controlled and adjusted is made. The optimized values listed in Table 1 are used as reference values. In each case among five cases, only one parameter is adjusted and the corresponding input-output pairs are collected and plotted to see variations of hysteresis loops.
As mentioned above, α indicates the linear degree of every hysteresis loop. For this reason, every value of α represents a hysteresis loop of different shape. Three sets of hysteresis loops corresponding to three α values, 0, 0.40962, and 1, respectively, are given, as shown in Figure 14 . When α equals to 1, the force function is simply represented in Eq. (5), it is observed from Figure 14 that the hysteresis loop is exactly an ellipse which presents a linear relationship. Instead, when α equals to zero corresponding to force function of Eq. (6), the nonlinearity of the hysteresis loop reaches the maximum degree. When α fluctuates in the range of 0,1 , the nonlinearity degree varies between the two extreme situations, namely linearity and maximum nonlinearity.
(5) (6) Similar to the force-displacement responses, the force-velocity response shows the same rule, i.e. the hysteresis loops tend to be more nonlinear with the descending values of α.
As can be seen from the force-velocity relationships shown in Figures 5-7 , the output forces almost reach its maximum when the velocity is zero and decrease to its minimum when the velocity equals to its maximum. It is concluded that the damping force, indicated by c x in the force function, contributes a small part to the total force. The identified values of c being very small support this conclusion. It is therefore reasonable that c varies in a small range. Figure 15 presents four sets of hysteresis loops of different sizes and shapes corresponding to four different values of c . As might be expected, the effect of changing c on the maximum force is slight. The other effect to be noted is that the sizes of the force-displacement loops tend to be thinner when c is fixed at a small value than when c is assigned a bigger one. Since the areas enclosed by the force-displacement loops indicate the equivalent damping, the change in the graphical curves matches the numerical variations. Figure 16 presents the resultant hysteresis loops by changing the values of k . It is seen that the maximum force and effective stiffness change almost linearly with k . Another phenomenon worth noting is that all the loops intersect at two points, as highlighted by M and N in Figure 16(a) , from which the system stiffness under different k becomes different. Furthermore, the two points indicate the critical points of strain stiffening, as observed in each loop strain stiffening tends to be obvious from these two points. In order to provide a more detailed explanation, the hysteresis loop can be divided into two parts, separated by the solid line. Take only the upper section for an example, as the force-displacement loops follow clockwise paths, it is noticed that the system stiffness of the left part of point M decreases as the hysteresis loop progresses, while the system stiffness of the right part tends to increase. It is therefore reasonably inferred that strain stiffening starts from point M. Additionally, the horizontal axis range for strain stiffening is from -2 mm to 8 mm. The same rule applies to point N and the strain stiffening range of the lower section is from 2 mm to -8 mm. The effect of parameter A on the response shape is shown in Figure 17 . It is noticed that the effect of adjusting A on hysteresis loops is very similar to that of changing k . Conclusions includes that the maximum force and effective stiffness vary linearly with A, and two critical points for strain stiffening exist as well, donated by P and Q. However, the strain stiffening range is [-4, 8] mm and [-8, 4 ] mm respectively which is larger than that of k , indicating that A is more sensitive than k to this model. β and γ have been recognized to shape the hysteresis loops. Figure 18 presents a series of hysteretic responses with respect to different β and γ. Figure 18 (a) shows the effects of β on shaping hysteresis loops and Figure 18 (b) shows that of γ. It is seen from Figure 18 (a) that the nonlinearity tends to be more obvious as the value of β gets smaller. On the contrary, when β grows, the hysteretic shapes are inclined to be linear ellipses. One point needs to be emphasized is that when β is increased to a certain value, its influence on the shape is limited.
As donated by an arrow in Figure 18 (a), the hysteretic shapes remain an ellipse as the β increases from 1 to 2 with an increment of 0.2. Another important finding to add is that an effective β should be kept positive. In other words, β should fluctuate in an effective range for reproducing reasonable hysteretic shapes on condition that all the other referenced parameters are fixed. Speaking of the effect of γ, as noticed in Figure 18 (b), it is very similar except minor differences to that of β. In the case when γ is negative, the nonlinearity level increases with the increasing absolute value of γ, otherwise, the hysteresis loops progress linearly. Also note that the responses remain linear when the value of γ is above zero. Referring to the combinations of signs of β γ and γ β, a leading study has been done in presenting five kinds of hysteretic shapes relating to five combinations of signs of β γ and γ β. In this work, five cases will reappear for the purpose of validating the influence of β and γ on controlling the hysteresis loop shapes. For the reason that the hysteresis curves are produced by Eq. (2), it is natural the five cases will describe the relationship between the input displacement and the evolutionary variable z. Table 4 lists different values for β and γ to satisfy five combinations of β γ and γ β and the associated hysteretic shapes are plotted in Figure 19 . As discussed above, β should be positive to be effective and γ has a wide variation range. Hence, the five cases are obtained by adjusting γ. It is clear that five different situations are presented as observed in reference [28] . And clearly the optimal values of β γ and γ β listed in Table 1 satisfies the combination of case one. Table 4 . Five combinations of β γ and γ β. 
Conclusion
A newly high-adjustable MRE seismic isolator was designed, fabricated and tested. The observed performances in experimental data reveal that the increase in loading amplitude leads to an increase in the damping capacity and maximum force but a light decrease in effective stiffness, that frequency poses minor influence on these three performance indicators, especially when it is above 0.1Hz, and that MRE exhibits field-dependent property that the effective stiffness and equivalent damping tend to increase with the progressively larger currents.
To take the maximum advantage of potential MRE material into control applications, a model for MRE isolator is developed. The resemblance between the predicted and measured response verify that the newly proposed model is competent to model the MRE isolator device. To make the proposed model more adaptive, the fluctuating magnetic field is taken into account. And the study on the dependence of the model to every parameter further improves the model to be more easily controlled and adjusted. Future work may focus on the advanced control algorithms and applications in suppressing vibrations of the model. 
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